Adoptive cell transfer (ACT) is considered a promising modality for cancer treatment, but despite ongoing improvements, many patients do not experience clinical benefits. The tumor microenvironment is an important limiting factor in immunotherapy that has not been addressed fully in ACT treatments. In this study, we report that upregualtion of the immunosuppressive receptor programmed cell death-1 (PD-1) expressed on transferred T cells at the tumor site, in a murine model of ACT, compared with its expression on transferred T cells present in the peripheral blood and spleen. As PD-1 can attenuate T-cell-mediated antitumor responses, we tested whether its blockade with an anti-PD-1 antibody could enhance the antitumor activity of ACT in this model. Cotreatment with both agents increased the number of transferred T cells at the tumor site and also enhanced tumor regressions, compared with treatments with either agent alone. While anti-PD-1 did not reduce the number of immunosuppressive regulatory T cells and myeloid-derived suppressor cells present in tumor-bearing mice, we found that it increased expression of IFN-g and CXCL10 at the tumor site. Bone marrow-transplant experiments using IFN-gRÀ/À mice implicated IFN-g as a crucial nexus for controlling PD-1-mediated tumor infiltration by T cells. Taken together, our results imply that blocking the PD-1 pathway can increase IFN-g at the tumor site, thereby increasing chemokine-dependent trafficking of immune cells into malignant disease sites. Cancer Res; 72(20); 5209-18. Ó2012 AACR.
Introduction
The treatment of metastatic cancer with ex vivo activated T cells has been shown to result in tumor regression in a number of malignancies including melanoma, neuroblastoma, and lymphoma (1) (2) (3) . However, as response rates are variable and complete responses remain infrequent, improvements to this approach are needed. One of the limitations to adoptive cell transfer (ACT) is obtaining adequate numbers of T cells which will ultimately migrate to and function at the tumor site. Indeed, we have found in metastatic melanoma patients that clinical response is strongly associated with the number of CD8 þ T cells transferred (4) , which may reflect a general lack of efficient T-cell migration to the tumor (5, 6) . In addition, inadequate persistence of transferred T cells and inhibition by the immunosuppressive tumor microenvironment likely also contribute to the lack of clinical responses observed in some patients (7, 8) . To address these challenges, several strategies have been used to optimize the migration, survival and effector functions of transferred T cells within the tumor site, including transducing the chemokine receptor CXCR2 into T cells to improve migratory ability toward tumors (9) , manipulating IL-2 production by transferred T cells to extend T-cell survival (10) , and generating chimeric antigen receptor-based engineered T cells to improve recognition of tumor (11) . However, all of these approaches could benefit from strategies that can reverse the immunosuppressive environment present at the tumor site. Programmed cell death-1 (PD-1) is an inhibitory immune receptor on T cell that is expressed following T-cell activation. In the tumor microenvironment, PD-L1, the ligand for PD-1, can be upregulated on tumor cells and tumor-associated stromal cells (12) . The engagement of PD-1 by PD-L1 or PD-L2, delivers inhibitory signals through activating phosphatases, resulting in dephosphorylation of key elements in the T-cell activation pathway. The dephosphorylation of these molecules leads to the inhibition of PI3K activity and downstream activation of Akt, which are important pathways in regulating proliferation, survival, and cytokine production of T cells (13) . Activation of the PD-1 pathway is now recognized to be a major mechanism by which tumors suppress T-cell-mediated antitumor immune responses (14, 15) .
In this study, we examined the role of the PD-1 pathway in the context of an ACT-based murine tumor treatment model.
Our results show that in vivo PD-1 blockade can increase the numbers of transferred T cells at the tumor site and enhance tumor regression in 2 tumor models. Furthermore, anti-PD-1 antibody appears to mediate these antitumor effects through augmented T-cell proliferation, in addition to increased IFN-g and IFN-g inducible chemokine production at the tumor site. Taken together, our study suggests that PD-1 blockade in combination with ACT shows therapeutic synergy, and provides a potential strategy for improving clinical response rates to ACT.
Materials and Methods

Animals and cell lines
Pmel-1 TCR/Thy1.1 transgenic mice on a C57BL/6 background were kindly provided by Dr. Nicholas Restifo (Surgery Branch, National Cancer Institute, Bethesda, MD). IFNg receptor deficient mice and CXCL10 deficient mice were purchased from the Jackson Laboratory. All mice were maintained in a specific pathogen-free barrier facility at The University of Texas MD Anderson Cancer Center, Houston, TX. Mice were handled in accordance with protocols approved by the Institutional Animal Care and Use Committee. B16 melanoma and MC38 colon adenocarcinoma cells were obtained from the National Cancer Institute. The MC38/gp100 cell line was established as previously described (9) . All tumor cell lines were maintained in RPMI 1640 with 10% fetal calf serum and 100 mg/mL Normocin (Invivogen).
Adoptive transfer, vaccination, and anti-PD-1 antibody treatment Nine days before ACT, splenocytes from pmel-1 TCR/Thy1.1 transgenic mice were harvest and infected with a retroviral vector encoding a modified firefly luciferase gene and green fluorescent protein as previously described (9) . After sorting based on green fluorescent protein expression, luciferaseexpressing pmel-1 T cells were used for ACT. Wild-type (WT) or IFNg receptor-deficient mice were subcutaneously implanted with either 5 Â 10 5 B16 cells or 5 Â 10 5 MC38/gp100 cells (day 0). On day 6, lymphopenia was induced by administering a nonmyeloablative dose (350 cGy) of radiation. On day 7, 1 Â 10 6 luciferase-expressing pmel-1 T cells were adoptively transferred into tumor-bearing mice (n ¼ 3-5 per group), followed by intravenous injection of 1 Â 10 6 hgp100 peptide-pulsed bone marrow-derived dendritic cells (DC) generated as previous described (9) . Recombinant human IL-2 was intraperitoneally administered for 3 d after T-cell transfer (1.2 Â 10 6 IU once immediately after T-cell transfer and 6 Â 10 5 IU twice daily for the next 2 days). Tumor sizes were monitored every 2 days. Mice were sacrificed when the tumors exceeded 15 mm in diameter or when ulcers exceeded 2 mm. All experiments were carried out in a blinded, randomized fashion.
The anti-mouse PD-1 antibody (RMP1-14) was prepared as described previously (16) . For tumor treatment experiments, anti-PD-1 antibody or control rat IgG antibody (Sigma) was intraperitoneally injected starting on the day of T-cell transfer and was continued 2 and 4 days after T-cell transfer. Dose per injection was 250 mg.
Generation of bone marrow chimera mice
8-week-old female either WT B6 or IFNg receptor deficient mice were subjected to 1,000 rad irradiation. 24 hours later, these mice were treated to achieve hematopoietic and immunologic reconstitution with 2 Â 10 7 bone marrow cells taken from B6, IFNg receptor deficient mice, or CXCL10 deficient mice. Six weeks after bone marrow transfer, these mice were used for ACT experiments.
Tumor infiltration and activation marker analysis B16 or MC38/gp100 tumor-bearing mice receiving ACT treatment as discussed in the previous section were sacrificed on day 6 after T-cell transfer. Single-cell suspensions from spleen and excised tumor were prepared using a standard method. Lymphocytes from tumor samples were enriched on a Ficoll gradient (Accurate Chemical & Scientific Corp.). These single-cell suspensions were stained for intracellular and extracellular protein markers of interest. For BrdUrd staining, mice were intraperitoneally treated with 200 uL of 10 mg/mL solution of BrdUrd (BD Biosciences) 24 hour before collecting tissue samples. Stained samples were run on a BD FACSCanto II.
Staining antibodies included anti-CD45, anti-CD8, anti-CD90.1, anti-PD-1, anti-IFN-g, anti-CD11b, Annexin-V, antiBrdUrd, anti-F4/80, anti-Ly6C, and anti-Gr-1 (BD Biosciences); anti-Foxp3 (eBioscience); and anti-CXCL10 (R&D Systems).
In vivo Bioluminescence Imaging
Before imaging, mice were anesthetized with isoflurane and i.p. injected with 100 mL of 20 mg/mL D-Luciferin (Xenogen Corp.). After 8 min, animals were imaged using an IVIS 200 system (Xenogen), according to the manufacturer's instructions. Living Image software (Xenogen) was used to analyze data. Regions of interest were manually selected and quantification was reported as the average photon flux within regions of interest. The bioluminescence signal detected was represented as photons/s/cm 2 /sr.
Quantitative real-time PCR
Tumor tissues were disrupted by a rotor-stator homogenizer and followed by RNA isolation using RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. Total RNA was resuspended in diethyl pyrocarbonate treated water. cDNA synthesis was then carried out using a cloned avian myeloblastosis virus first-strand cDNA synthesis kit (Invitrogen). Real-time (RT-PCR) was carried out using a C1000 Thermal cycler (Bio-Rad), using the SYBR Green technology, in a total volume 15 mL. Primers for the chemokines and cytokines of interest are listed in Supplementary Table S1 . Samples were normalized relative to actin transcript expression levels.
Statistical analysis
The data were represented as mean AE SEM. Comparisons of differences in continuous variables between 2 groups were done using Student t tests. Differences in tumor size and T-cell numbers among different treatments were evaluated by ANOVA repeated-measures function. P values are based on 2-tailed tests, with P < 0.05 considered statistically significant.
Results
PD-1 is upregulated on adoptively transferred tumorinfiltrating T cells
PD-1 has been shown to be upregulated on tumor-infiltrating T cells and has been correlated with T-cell dysfunction at the tumor site. To address whether PD-1 blockade could improve the effectiveness of ACT, we first analyzed the expression of PD-1 on transferred CD8
þ T cells in mice with or without 7-day-established B16 tumors. These mice were treated with adoptively transferred pmel-1 T cells that express a TCR specifically recognizing a B16 tumor antigen, the H-2D brestricted epitope of gp100, followed by gp100 peptide-pulsed DC vaccine and IL-2 administration, as previously described. In our previous study, the majority of transferred T cells were found to be localized within tumor sites 6 days after T-cell transfer. Both endogenous and transferred T-cells displayed increased PD-1 positivity at the tumor sites compared with T cells localized in the spleen ( Fig. 1 and Supplementary Fig. S1 ). To test the effector functions of transferred T cells, we measured IFN-g production by transferred T cells with or without antigen restimulation. Although some transferred T cells produced IFNÀg at the tumor site, the tumor-infiltrating T cells were largely refractory to restimulation with gp100 pulsed DC, compared with pmel-1 T cells isolated from the spleen (Fig. 1) . These results suggested that the B16 tumor microenvironment could induce the expression of PD-1 on transferred tumorspecific T cells and impair their effector function, potentially limiting the therapeutic efficacy of these cells.
PD-1 blockade promotes tumor rejection by increasing the number of transferred T cells at the tumor site
To test the potential of PD-1 pathway blockade to improve the therapeutic effects of ACT, we used our previously described MC38/gp100 tumor model, which, unlike B16 melanoma, is devoid of pigmentation and therefore can be used for in vivo monitoring of luciferase transduced adoptively transferred T cells. In this setting, anti-PD-1 antibody was intraperitoneally injected on days 0, 2, and 4 following T-cell transfer ( Fig. 2A) . Six days after transferring luciferase-expressing pmel-1 T cells, mice receiving either control antibody or anti-PD-1 antibody were imaged to observe luciferase intensity at the tumor sites. As shown in Fig. 2B , mice treated with ACT and anti-PD-1 displayed stronger luciferase signal at the tumor site than mice treated with ACT and control antibody. The average luciferase activity in all mice (n ¼ 4) from each group was quantified (Fig. 2C) , showing that PD-1 blockade induced approximately 3-fold more transferred T cells at the tumor site compared with mice administered the control antibody.
To determine whether the addition of anti-PD-1 had any effect on the antitumor immune response, we treated MC38/ gp100-bearing mice with 1 Â 10 6 pmel-1 T cells, a dose that had only limited antitumor effects in our preliminary experiments (data not shown), along with anti-PD-1 or control antibody. The tumor growth rates in mice treated with anti-PD-1 antibody, ACT or combination of ACT with anti-PD-1 are shown in Fig. 2D . We consistently observed some antitumor activity in mice treated with anti-PD-1 antibody alone, whereas ACT alone exhibited little or no antitumor impact. However, when mice were treated with a combination of ACT and PD-1 blockade, tumor progression was significantly inhibited as compared with anti-PD-1 alone, and some regression was evident. We also evaluated the treatment effect of anti-PD-1 in the B16 melanoma tumor model. Although little antitumor effect was observed in mice treated with anti-PD-1 antibody alone, antitumor responses were enhanced with a combination of ACT and PD-1 blockade compared with either therapy given (Fig. 2E) . In both tumor models, mice tolerated the combined therapy with ACT and anti-PD-1 antibody with little evident toxicity. Hence, our results suggest that the addition of anti-PD-1 antibody could improve the therapeutic efficacy of ACT.
PD-1 blockade enhances proliferation of transferred T cells at tumor sites
We next sought to determine the underlying mechanisms of improved antitumor responses observed with the combination therapy of ACT and PD-1 blockade by characterization of the phenotype of transferred T cells and other immunoregulatory cells at the tumor site. To avoid the potential alteration of the phenotype of immune cells caused by tumor digestion, we used the B16 tumor model, in which anti-PD-1 also shows an enhanced therapeutic effect in combination with ACT. Unlike many types of tumor tissue including MC38/gp100, a single cell suspension can be easily obtained by gentle mechanical disruption of B16 tumor tissue. B16-tumor-bearing mice were treated with ACT combined with anti-PD-1 antibody or control antibody as previously described, and the percentage and phenotypes of transferred pmel-1 T cells in the tumor and spleen were analyzed by flow cytometry on day 6 after T-cell transfer. Consistent with the results seen in MC38/gp100 tumor-bearing mice, in B16-bearing mice receiving anti-PD-1 antibody, there were more pmel-1 tumor-infiltrating T cells ($50%) compared with pmel-1 T cells in mice receiving a control antibody ($20%, P ¼ 0.027; Fig. 3A ). Among mice pretreated with BrdUrd, we also found increased percentages of IFN-g þ and BrdUrd þ cells in tumor-infiltrating CD8 þ T cells in the anti-PD-1 group when compared with the control antibody group, suggesting an enhanced proliferative ability of transferred T cells within the tumor. However, anti-PD-1 antibody failed to alter the percentages of tumor-infiltrating Fig. 3A and B). Moreover, PD-1 blockade had little impact on the number and function of transferred T cells within the spleen. We also assessed the effect of the combination of ACT and anti-PD-1 treatment on immunosuppressive cell subsets within tumors, including regulatory T cells (T reg ) and myeloidderived suppressor cells (MDSC). In contrast to the results of other studies (17) , in our ACT model, we did not find alterations in the numbers of T reg s or MDSCs in the tumor following anti-PD-1 antibody treatment ( Supplementary Fig. S2 ).
ACT combined with PD-1 blockade upregulates CXCL10 expression in the tumor microenvironment Given the important roles of chemokines in tissue trafficking and recruitment of lymphocytes, we next examined the expression of 37 known murine chemokines within the tumor on day 6 after T-cell transfer using quantitative RT-PCR. With the exception of CCL6, 8, 19 , and CXCL10, chemokines were generally expressed at low levels within tumors (Fig. 4A) . However, in mice receiving the combination therapy of ACT and anti-PD-1, CXCL10 expression was significantly elevated compared with mice treated only with ACT (Fig. 4A) . Using flow cytometry to analyze the CXCL10 production in the tumor microenvironment, we found that most of the CXCL10-secreting cells expressed CD11b, indicating that myeloid cells are the major CXCL10-producing population (Fig. 4B) . These CXCL10-producing cells also express Gr-1 and Ly6C, but not or low F4/ 80, a macrophage surface marker (Supplementary Fig. S3 ). We also found that the percentage of CXCL10-producing cells at the tumor site from mice treated with ACT and anti-PD-1 was higher than that of mice treated with ACT and control antibody ( Fig. 4C and D) . However, the percentage of CXCL10-producing cells in the spleen from mice receiving ACT and anti-PD-1 Ab were similar to that of mice treated with ACT and control Ab (Supplementary Figure S4A) . This data validated the results obtained by quantitative PCR and indicated that PD-1 blockade can enhance the expression of CXCL10 at the tumor site in mice receiving ACT. Because CXCL10 is an IFN-g inducible chemokine, we also assessed the level of IFN-g present within the tumor microenvironment. We indeed found increased IFNg levels within the tumors of mice undergoing combination therapy of ACT and anti-PD-1 compared with mice treated with ACT alone (Fig. 4E) . No significant difference in the expression of other cytokines was observed between treatment groups, including IL-10, TGF-b, and IL-17.
IFN-g receptor is required for enhanced T-cell accumulation induced by PD-1 blockade
Our results suggested that PD-1 blockade might increase IFN-g levels in the tumor microenvironment by enhancing the proliferation of transferred T cells, leading to increased CXCL10 production and the recruitment of more tumor-reactive T cells. To test this hypothesis, we challenged IFN-g receptor deficient mice with B16 tumors, after which mice were treated with ACT with either anti-PD-1 antibody or control antibody. As shown in Fig. 5A , the percentage of transferred pmel-1 T cells in tumors from IFN-g receptordeficient mice treated with ACT and anti-PD-1 was not significantly different from that of IFN-g receptor-deficient mice treated with ACT alone. In contrast, tumor-bearing WT mice treated with ACT and PD-1 blockade showed elevated percentages of transferred T cells within the tumor. As we found that the majority of CXCL10-producing cells in the tumor were CD11b þ , we next evaluated the importance of IFN-g receptor expression on bone marrow-derived cells. IFN-g receptor-deficient host mice were lethally irradiated and reconstituted with bone marrow cells from WT or IFN-g receptor KO mice. Eight weeks later, these mice were challenged with tumor, treated with ACT combined with either To determine the role of CXCL10, WT mice were reconstituted with bone marrow from CXCL10-deficient mice, challenged with tumor, treated by adoptive transfer with luciferaseexpressing pmel-1 T cells. Six days following ACT, anti-PD-1 treatment led to increased luciferase intensity at the tumor site in mice reconstituted with bone marrow from WT mice, but not in mice reconstituted with bone marrow from CXCL10 deficient mice, similar to the results observed with IFN-g receptor bone marrow donors. Most importantly, the addition of anti-PD-1 only significantly delayed tumor growth in mice reconstituted with bone marrow from WT mice, compared with ACT treatment alone (Fig. 5C ). In contrast, the tumor growth rates in mice reconstituted with IFN-g receptor deficient bone marrow or CXCL10-deficient bone marrow receiving ACT and anti-PD-1 were comparable with those in similar bone marrow chimeras treated with ACT alone (Fig. 5C) . By using imaging to monitor transferred luciferase-transduced pmel-1 T cells in tumor-bearing mice on day 6 after ACT treatment, we found that anti-PD-1 enhanced luciferase signal intensity at the tumor site in bone marrow chimera mice reconstituted with WT bone marrow, but not in the mice reconstituted with IFN-g receptor deficient bone marrow or CXCL10-deficient bone marrow (Fig. 6) . These results suggest that the IFN-g inducible chemokine, CXCL10, plays a critical role in the synergistic antitumor effect observed in the combination therapy of anti-PD-1 with ACT. Moreover, in the chimeric mice reconstituted with CXCL10 deficient bone marrow, anti-PD-1 treatment resulted in a 2-fold increase of luciferase intensity at the tumor site, although the difference was not statistically significant. This suggests that other IFN-g inducible chemokines may also play a role in the synergistic effect of anti-PD-1 on ACT.
Taken together, our study implies that blockade of the PD-1 pathway in T cells may trigger a positive feedback loop at the tumor site, increasing T-cell proliferation and IFN-g levels, which in turn augments CXCL10 production by bone marrowderived cells to enhance infiltration by effector T cells.
Discussion
PD-1 was first discovered as a transmembrane protein that is highly expressed in apoptotic T cells (18) . In mice with viral infections, PD-1 was identified as a marker for exhausted T cells, and blockade of the PD-1 pathway restored cytokine production and increased the number of virus-specific T cells. More importantly, the viral load in infected mice was significantly reduced by inhibiting the PD-1 pathway (19) . These results were later confirmed in human chronic viral infections: several studies found that human immunodeficiency virus (HIV)-specific T cells displayed an exhausted phenotype induced by chronic HIV viral infection and the expression of PD-1 on these cells was upregulated. A correlation between PD-1 expression on T cells and disease progression was found in HIV patients without therapy (20, 21) . Furthermore, in humans with acute cytomegalovirus (CMV) infection, CMV-specific T cells had intact antiviral effector functions that correlated with lower levels of PD-1. In addition, PD-1-deficient mice spontaneously develop autoimmune diseases, including lupus-like glomerulonephritis, arthritis, and diabetes (22, 23) . These studies not only showed the important role of PD-1 in antiviral T-cell-mediated immunity, but also suggested that the interaction of PD-1 and its 2 ligands, PD-L1 or PD-L2, can deliver negative signals to regulate the function of T cells. Subsequent studies confirmed that PD-1 is also an immune suppressive checkpoint molecule that tumors frequently exploit to modulate the function of tumor-infiltrating T cells. PD-1 has been shown to be upregulated on tumor-infiltrating T cells in patients with melanoma, renal cell carcinoma, and non-small cell lung cancer (24) (25) (26) (27) . In addition, PD-L1 and PL-L2 have been found to be expressed in numerous solid tumors and hematologic malignancies. Recent studies have shown a strong correlation between PD-1 ligand expression on tumor cells and poor prognosis in various cancers, including renal cell carcinoma, pancreatic cancer, cervical carcinoma, and receptor-deficient mice received bone marrow either from WT mice or IFN-g receptor-deficient mice 16 hours after 1,000 rad irradiation. Eight weeks after bone marrow transfer, the bone marrow chimera mice were challenged with tumor and received pmel-1 T cell as previously described. Anti-PD-1 or control antibody was intraperitoneally injected on days 0, 2, and 4 after T-cell transfer. The percentage of transferred pmel-1 T cells at the tumor site was analyzed on day 6 after T-cell transfer. C, tumor growth curve of MC38/gp100 tumor-bearing bone marrow chimera mice receiving ACT with control Ab or anti-PD-1 antibody (N ¼ 3 for each group). WT female mice received bone marrow from WT mice, IFN-g receptor-deficient mice, or CXCL10-deficient mice. Eight weeks after bone marrow transfer, the bone marrow chimera mice were challenged with MC38/gp100 tumor and received pmel-1 T cell as previously described.
melanoma (28- (33) . More recently, objective responses by using MDX-1106 were also reported in patients with non-small-cell lung cancer, melanoma or renal-cell cancer (34) . Six patients with advanced hematologic malignancies treated with CT-011 showed a 33% response rate with 1 patient experiencing a complete response (35) . Although there were some rare but significant toxicities observed in all 3 clinical trials, their results showed that anti-PD-1 blocking antibodies are relatively safe compared with other immunotherapies, and well tolerated in the majority of cancer patients (33) (34) (35) . However, the relatively low complete response rate observed with anti-PD-1 antibodies as a singleagent therapy highlights the importance of combining PD-1 blockade with other therapeutic agents. It was reported that combination blockade of PD-1 and CTLA-4 results in reduced numbers of regulatory T cells and myeloid cells at tumor sites and synergistically enhances the antitumor activity of effector T cells (17) . Recently, several studies have tested the potential benefit of combining PD-1 blockade with tumor vaccines. Anti-PD-1 blocking antibody treatment combined with cyclophosphamide and peptide vaccine, led to complete tumor regression in tumor-bearing mice. In this model, anti-PD-1 was found to prolong the inhibition of T reg functions at the tumor site induced by low dose cyclophosphamide (36) . Similar delayed tumor progression was observed in mice treated with combination therapy of PD-1 blockade and lentiviral vaccine expressing trp2 tumor antigen, when compared with mice treated with PD-1 blockade or vaccine alone (37) . Cancer progression is regulated by the dynamic balance between antitumor immunity and immunosuppressive factors within the tumor microenvironment. ACT and PD-1 blockade shift this balance toward antitumor immunity using 2 distinct but complementary mechanisms. As PD-1 expression by T cells is frequently upregulated at tumor sites, we hypothesized that anti-PD-1 treatment might provide therapeutic synergy when combined with ACT. We found using 2 different mouse tumor models that anti-PD-1 blocking antibody can enhance the numbers of transferred T cells at tumor sites, resulting in delayed tumor progression. Furthermore, we found that while blockade of the PD-1 pathway had no impact on the apoptosis of transferred tumor-specific T cells in tumors, it modestly enhanced their proliferation, consistent with previous studies (38) . Unlike the results from recently published studies, we did not find increased numbers of T reg and MDSCs at the tumor site in response to anti-PD-1 antibody treatment. One possible reason is that the lymphodepletion procedure used in our ACT protocol may abolish the additional effects of anti-PD-1 antibody on T reg and MDSC by transiently depleting these 2 cell subsets (17) .
Unlike in vitro expanded human tumor-infiltrating T cells, which can be present in peripheral blood up to 1 year after Tcell transfer in our ACT clinical trial patients (39) , in vitro expanded pmel-1 T cells are typically undetectable in the peripheral blood by day 9 after T-cell transfer and by day 13 at the tumor site (data not shown and Supplementary Fig. S4B ). This suggests that this murine ACT model may not entirely mimic the clinical setting in patients with ACT, particularly with regard to T-cell persistence. Although we did not observe extended persistence of these transferred T cells in our murine ACT model, further clinical studies in patients are required to evaluate the effect of anti-PD-1 on the persistence of transferred T cells and survival of patients treated with ACT.
Our results also showed that IFN-g signaling is critical for the enhanced accumulation of T cells at the tumor site. Blockade of the PD-1 pathway appeared to generate increased IFN-g and the IFN-g inducible chemokine CXCL10, as CXCL10 Figure 6 . Failure to increase accumulation of pmel-1 T cells to tumor sites by anti-PD-1 in mice with IFN-g receptor deficient or CXCL10 deficient in bone marrow-derived cells receiving ACT therapy. Bone marrow chimera mice (N ¼ 3 for each group) were challenged with MC38/gp100 tumor and transferred with luciferase expressing pmel-1 T cells. Mice were intraperitoneally injected with either 250 mg control antibody or anti-PD-1 Ab on days 0, 2, and 4 after T-cell transfer. In vivo luciferase imaging was conducted on day 6 after T-cell transfer. Intensities of the luciferase signal at tumor sites in all tumor-bearing mice are depicted.
was present at increased levels in the tumor microenvironment following anti-PD-1 treatment. Although CXCL10 is secreted by various cell types, including neutrophils, monocytes, and dendritic cells, we found that CD11b þ myeloid cells were the major source of CXCL10 at the tumor site (40) . Characterization of these CXCL10-producing cells indicated that these cells share some common markers of myeloid-derived suppressor cells (MDSCs), but do not express the F4/80 macrophage marker, which are consistent with the phenotype of granulocytic MDSCs. Furthermore, anti-PD-1 treatment enhanced the percentage of CXCL10-producing CD11b þ cells at the tumor site compared with mice given ACT alone. These results imply that anti-PD-1 treatment may tilt the balance in favor of a T-cell mediated antitumor immune response in ACT by altering the function of MDSCs, an immunosuppressive cell subset within the tumor microenvironment. Taken together, our results implied that blockade of the PD-1 pathway may trigger a positive feedback loop by increasing IFN-g presence at the tumor site and inducing CXCL10 production, to further improve the antitumor efficacy of ACT. Given the synergistic impact of anti-PD-1 on the therapeutic efficacy of ACT, combination therapies utilizing PD-1 blockade and ACT may represent a promising dual immunotherapy for cancer patients.
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